Several theoretical motivations point to ultralight QCD axions with large decay constants f a O(10 16 -10 17 ) GeV, to which experimental proposals are dedicated. This regime is known to face the problem of overproduction of axion dark matter from the misalignment mechanism unless the misalignment angle θ mis is as small as O(10 −3 -10 −4 ), which is generally considered a finetuning problem. We investigate a dynamical explanation for a small θ mis . The axion mass arises from strong dynamics and may be sufficiently enhanced by early dynamics so as to overcome Hubble friction and drive the field value to the bottom of the potential long before the QCD phase transition. Together with an approximate CP symmetry in the theory, this minimum is very closely related to today's value and thus θ mis can automatically be well under unity. Owing to such efficient relaxation, the isocurvature perturbations are essentially damped. As an existence proof, using supersymmetric theories we illustrate that the Higgs coupling with the inflaton energy can successfully achieve this axion damping in a consistent inflationary cosmology.
INTRODUCTION
In the Standard Model, a dimensionless charge conjugation and parity (CP) violating parameter θ is constrained to be less than O(10 −10 ) by the experimental limit on the neutron electric dipole moment [1, 2] . However, there is no theoretical reason in the Standard Model why θ has to be exceedingly small. This fine-tuning problem is known as the strong CP problem [3] . An elegant solution was proposed in Refs. [4, 5] , where θ is promoted to a field that dynamically relaxes to a CP-conserving minimum. This field, called the axion,
can be understood as the pseudo Nambu-Goldstone boson arising from the spontaneous breaking of the global U (1) Peccei-Quinn (PQ) symmetry [6, 7] . The symmetry breaking scale f a , also called the axion decay constant, is constrained by astrophysics to be larger than O(10 7 − 10 8 ) GeV [8] [9] [10] [11] [12] . After the QCD phase transition, the axion acquires a mass from strong dynamics m a = 6 µeV 10 12 GeV f a (1.1) and is thus constrained to be lighter than O(0.1) eV. Such a light axion is cosmologically stable and is hence a well-motivated dark matter (DM) candidate [13] [14] [15] .
It is theoretically interesting to consider a decay constant above the grand unification scale M GUT 2×10 16 GeV, which is a typical prediction of string theory [16] . It is also motivated from the field theory point of view in the supersymmetric Standard Model. The breaking of the PQ symmetry may be of the same origin as the breaking of grand unification [17] [18] [19] .
Actually, in four dimensional grand unified theories, if the µ term of the Higgs doublets is controlled by the PQ symmetry, as is the case with the DFSZ model [20, 21] , the symmetry breaking scale must be around the unification scale [22] [23] [24] . Many experimental efforts have since been devoted to this mass range of axions [25] [26] [27] . Nevertheless, ultralight QCD axions are subject to overproduction of dark matter from the misalignment mechanism.
It is commonly assumed that the axion mass is lower than the Hubble scale H I during inflation so the field value is frozen due to Hubble friction (unless the number of e-folding is exceeding large N e ∼ (H I /m a ) 2 as considered in Refs. [28] [29] [30] ) and receives quantum fluctuations of order H I /2π. Furthermore, if the PQ symmetry is broken before inflation, the axion field value is then homogenized throughout the observable universe and generically misaligned from the minimum of the potential generated by QCD effects at low temperatures. where θ mis is the misalignment angle. As a result, for f a O(10 12 ) GeV, the universe is overclosed unless θ mis is sufficiently small (applicable only to the case of pre-inflationary PQ breaking). There exist late-time mechanisms such as dilution from entropy production by late decaying moduli fields [31, 32] or the axion superpartner [33] [34] [35] [36] [37] , and depletion to other species [38] [39] [40] . Meanwhile, it is crucial to explore natural explanations to a small θ mis .
In this paper, we investigate a mechanism we dub Dynamical Axion Misalignment Production (DAMP), which exhibits the following two features 1) the axion field dynamically relaxes to the minimum of the potential in the early universe and 2) the model possesses a non-trivial prediction between the minima of the axion potential in the early and today's epochs. If the minima are approximately aligned, a small misalignment angle can dynamically arise without any fine-tuning, a scenario we refer to as DAMP 0 . This damping effect automatically occurs when the assumption of m a H I is relaxed because the axion starts to oscillate during inflation and the amplitude is exponentially redshifted. Such scenario has been considered in Refs. [41] [42] [43] , but no consistent working examples have been presented.
As a proof of principle, we demonstrate that DAMP 0 can be realized in an extended
Minimal Supersymmetric Standard Model (MSSM). The axion mass increases with the QCD confinement scale Λ QCD . By virtue of a negative Hubble induced mass via the coupling with the inflaton, the Higgs can be driven towards a large field value along the D-flat direction.
The quark masses enhanced by a large Higgs vacuum expectation value (VEV) in turn cause strong dynamics to confine at a higher scale Λ QCD via the renormalization group (RG) running, thereby enhancing m a . If only MSSM quark masses are raised, the resultant dynamical scale is not large enough to fulfill the first criterion of DAMP 0 , which urges us to consider an extended MSSM. Earlier studies in Refs. [41, 42] use generic moduli fields to directly raise the QCD scale in an attempt to achieve DAMP 0 but do not carefully examine if the axion mass can be raised in a consistent way. Ref. [43] investigates the consistency and concludes that the axion mass cannot be raised above the Hubble scale during inflation.
We will clarify why our setup evades their claim. Later studies in Refs. [44, 45] introduce an extra SU (3) c charged particle and raise their masses by the large Higgs VEV. The purpose of the papers is to suppress the isocurvature perturbations and no attempts are made in fulfilling the second criterion for DAMP 0 to make predictions about the DM abundance.
The second criteria of DAMP 0 can be satisfied by an (approximate) CP symmetry of the theory ensuring that the minimum of the axion potential is nearly the same during inflation and in the vacuum [42] . For example, the field values of any moduli which change the QCD θ term should remain unchanged. This can be understood by a CP symmetry which differentiates CP-odd moduli from CP-even moduli, and by assuming that the CP- θ mis 10 −3 is necessary. This implies that axion's minimum during inflation should nearly but not precisely coincide with today's value. One possibility is that the desirable amount of the CP-violating phase exists. Another possibility is with H I m a so that inflation ends exactly at the time when θ mis is relaxed to the desired value. We limit our consideration to the former and assume an approximate CP symmetry in the Higgs, inflaton, 1 One may wonder that solving the strong CP problem by the CP symmetry without resorting to the QCD axion is more minimal. In fact, it is not easy to solve the strong CP problem while generating O (1) In Sec. 2, we review the misalignment mechanism for axion dark matter. In Sec. 3, we illustrate in detail how the understanding of the misalignment angle can be dramatically different when the dynamics of the Higgs during inflation is taken into account. We summarize and discuss the conditions and implications of DAMP 0 .
MISALIGNMENT MECHANISM
Since DAMP 0 operates at times well before the weak scale, it simply sets the initial condition for the standard misalignment mechanism [13] [14] [15] , which we will review in this section. When the temperature drops to near the QCD scale, the axion acquires a periodic potential energy through the color anomalies, with a mass given by
where n = 4 for the SM is obtained by the dilute instanton gas approximation (see the lattice simulations in Refs. [53] [54] [55] [56] [57] ). The equation of motion and the energy density read
2) In what follows, we illustrate on how a small θ mis can naturally arise from dynamics via DAMP 0 , as opposed to fine-tuning the initial condition.
EARLY RELAXATION DURING INFLATION
The axion field is generically assumed to be a constant during inflation as a result of the Hubble friction term in Eq. (2.2) because one presumes that the axion mass is no larger than today's value. Nonetheless, this assumption holds only when the effects responsible for the axion mass remain invariant throughout the cosmological evolution. If the axion mass is larger than the Hubble parameter during inflation H I , the axion begins its coherent oscillations, whose amplitude is damped exponentially. The axion mass may initially be enhanced by a smaller decay constant, a larger QCD scale, or a different origin of the axion mass. A smaller decay constant can occur when the PQ breaking dynamics evolves with time, whereas the axion may also receive extra mass contributions, e.g. a large QCD confinement scale [41] [42] [43] [44] [45] , explicit PQ breaking [58, 59] , and magnetic monopoles [60, 61] .
We study the scenario where the QCD scale is enhanced by the inflationary dynamics of the Higgs or other moduli fields. QCD confines at the scale where strong dynamics becomes non-perturbative from the RG running. The number of active quark flavors affects the RG running and, in particular, Λ QCD increases with the quark masses. Consequently, the quark masses that are raised during inflation, e.g. by the Higgs VEV, increase the QCD scale and hence the axion mass. Other generic moduli fields can also directly affect the gauge coupling constant [41] [42] [43] and thus the QCD scale as well. We structure the discussion by starting with the minimal setup of the MSSM and a large Higgs VEV before introducing additional particles.
The Higgs evolution during inflation crucially depends on its coupling with other fields.
If a negative mass term is generated by the VEVs of other scalars and dominates over the Hubble scale, the Higgs field is driven to a large value where higher dimensional operators become important in stabilizing the Higgs. The MSSM provides a well-motivated framework for this realization. To be concrete, we assume the following Kähler potential
where X is the chiral field whose F -term provides an inflaton energy and M is the cutoff scale of the theory. Here and hereafter we assume that the cutoff is universal and drop O (1) coefficients. Through Eq. (3.1), the energy density of the inflaton
generates the Hubble induced mass as well as the higher dimensional operators in the Higgs potential ∆V = cH 
where M GUT = 2 × 10 16 GeV. We may relax this condition if the µ term as well as the soft 3 Ref. [43] does not introduce this term and relies on the vacuum Bµ term to fix the phase. They hence restrict their attention to the case where H I < m SUSY . Furthermore, they assume that M ∼ M Pl , and thus the Higgs does not take a large field value during inflation. The axion mass is suppressed in their setup and DAMP 0 cannot be realized. 4 We assume the sign of cH 
where µ r is the renormalization scale, N is the gauge group index, and F is the number of active fermions in the theory. In the MSSM with a large Higgs VEV φ i , assuming the gauge couplings are held fixed at the GUT scale, and pretending that all quarks (including possible KSVZ quarks) are heavier than the dynamical scale, we find that the fiducial dynamical scale is raised to
The fiducial dynamical scale coincides with the physical dynamical scale Λ QCD if all quarks are actually heavier than Λ fid . Otherwise, they are related as
When the physical dynamical scale is raised beyond the gluino mass mg, the axion mass is suppressed by mg as
where we include the factor of 4π expected from the naive dimensional analysis [62] [63] [64] [65] . The mass mg refers to the RG invariant quantity, mg ,phys /g 2 . This suppression can be understood by the R symmetry in the limit of a vanishing gluino mass, where only a linear combination of an R-axion and the QCD axion, which is dominantly the R axion, obtains a mass from the color anomaly. The axion mass is given by Λ fid rather than the physical dynamical Another possibility is to extend the MSSM by N Ψ additional fermion pairs in the 5 +5
representation of SU (5) as discussed in Ref. [44] Λ fid 10 7 GeV φ i 10 16 GeV
where M Ψ and M Ψ,I are the vacuum mass and the enhanced mass during inflation, respectively. We can enhance the mass of Ψ by the large VEVs of some fields, which can be identified with the moduli field discussed above. The minimal example is a coupling with the Higgs, Even if the dynamical scale is raised by the dynamics of fields other than the Higgs, the large Higgs field value during inflation is still crucial. If the Higgs field value is small, the axion mass is suppressed by the small MSSM quark masses as shown in Ref. [43] .
We stress that the results of DAMP 0 are independent of the specific mechanism that raises the QCD scale during inflation. Nonetheless, there are some consistency conditions to be satisfied. The suppression by light quark masses in Eq. (3.6) implies that, even when both Λ QCD and φ i are saturated to the cutoff scale M , the Standard Model quark Yukawa couplings y q set an absolute maximum of Λ fid
Moreover, strong dynamics generates the following effective superpotential for the Higgs,
and gives a mass to φ from the F -term potential
which can dominate and prevent the Higgs from acquiring a large VEV. We require that this should be smaller than √ cH I . Similarly, the scalar superpartner of the axion, the saxion, also receives a mass m s Λ where Z andZ are PQ charged chiral fields. This gives the saxion a mass as large as m S .
Since the F terms of Z andZ break the supersymmetry, the mass is bounded from above, 13) where m 3/2 is the gravitino mass. The mass can be large enough for a realistic range of the gravitino mass.
In Fig. 1 , we assume for minimality that the gluino mass during inflation is the same as the vacuum value that we take as mg = TeV. This assumption can be relaxed as well to raise the axion mass further and broaden the allowed parameter space. If mg is larger during inflation, the upper bound on H I can be raised by a factor as large as (Λ fid /mg) 1/2 = 10 5 (Λ fid /10 13 GeV) 1/2 (TeV/mg) 1/2 according to Eq. (3.7). This factor is significant and DAMP 0 becomes compatible with high scale inflation.
CONCLUSION
A large decay constant is not only within the reach of experimental projected sensitivity for ultralight axions but well-motivated from the theoretical standpoints. Specifically, f a 10 16 GeV can be associated with grand unification, whereas string theory predicts f a 10 16-17 GeV. The QCD axion with such a large f a faces serious challenges in cosmology, including overproduction of axion dark matter from the misalignment mechanism. It is widely regarded that the misalignment angle θ mis can be fine-tuned to avoid this issue. Even in this case, however, isocurvature perturbations are in conflict with high scale inflation.
In this paper, we identify a class of models where the misalignment angle is set to a small value due to axion dynamics instead of mere fine-tuning. The conventional assumption of the axion field during inflation is such that Hubble friction dominates over the axion mass and the field value remains constant. Nevertheless, there are various scenarios where the axion mass can be much larger so that the axion is relaxed to the minimum in the early universe. We refer to such damping mechanism as Dynamical Axion Misalignment Production (DAMP). Furthermore, if the model possesses an approximate CP symmetry, the minima in the early universe can nearly align with that of today, leading to θ mis 0, which we call DAMP 0 . This early relaxation to a minimum close to today's value resolves both the axion overproduction and isocurvature difficulties.
We realize the DAMP 0 scenario using supersymmetric models where the coupling between the Higgs and the inflaton results in a large axion mass during inflation. In particular, the inflaton energy density can induce a negative mass term for the Higgs, resulting in large
Higgs VEVs in the D-flat direction. The quark masses that become larger due to the Higgs VEVs modify the RG running of the strong coupling constant and bring about a much larger QCD confinement scale. The axion mass is then enhanced by the high QCD scale, fulfilling the criteria for DAMP 0 in a consistent cosmology. We can also raise the QCD scale by means of generic moduli fields. The large Higgs field value is still crucial since otherwise the axion mass is suppressed by the small MSSM quark masses. In summary, the axion misalignment near the bottom of the potential can result from early dynamics and hence a small θ mis can be regarded as a prediction of the model rather than fine-tuning.
